Abstract Water reuse for landscape irrigation requires the production of high quality virus-free effluents to minimize risk for human health. In order to establish the relevance of MS2 phages as an appropriate biodosimeter for UV design, a pilot plant study has been carried out with different types of wastewater effluents. The two pilot systems tested (low-pressure high output and medium-pressure UV units) were able to achieve 4 and 5 log MS2 reduction in tertiary filtered effluent at high calculated UV doses of 170 _ 10 and 300 mJ/cm 2 , respectively. UV disinfection was extremely efficient for MS2 inactivation in high quality effluents after reverse osmosis: detention times as low as one second and UV dose of 40 mJ/cm 2 were sufficient to reach 5 log inactivation of MS2. UV irradiation also produced rapid inactivation of human pathogens such as poliovirus type 1 and indigenous enteroviruses at UV doses up to 3 times lower that those for MS2 disinfection. It was concluded that accurate UV unit design for a given type of wastewater could be ensured by pilot tests using laboratory-propagated MS2 as biodosimeter and collimated-beam tests as the calibration-check.
Introduction
Landscape irrigation and other urban uses of recycled water are developing rapidly, becoming a key element in the integrated water management policies of large cities. According to some water reuse specialists (Lazarova, 2004) , benefits to be gained from the retrofit of landscape irrigation to recycled water use are numerous and may be greater than benefits for agricultural irrigation (lower transportation costs, efficient transformation of nutrients by the turfgrass that avoids groundwater contamination and enables cost saving for nutrient removal, etc.).
Because of the greater probability of unknowingly exposing the general public to recycled water in densely populated settlings, landscape irrigation, and in general urban non-potable water reuse, call for high-quality recycled water, such as disinfected tertiary effluent. In this case, the greatest health risk is associated to viruses. Viruses' low dose infectivity, long-term survival, and relatively low inactivation or removal efficiency by conventional wastewater treatment are some of the key arguments that are raised to regulate viruses. On the other hand, the difficulty in performing routine analysis and its high variability make it difficult to enforce. In the USA, turbidity and total coliforms are considered as reliable indicators in well-operated plants. The countries/states that regulate for viruses are Australia, Hawaii and Arizona, the first for urban applications, and the others for agricultural reuse.
In this context, UV inactivation has become a popular alternative to chlorination for the disinfection of wastewater effluents. In the case of water reuse, UV disinfection is characterized by the following important advantages over chlorine (Lazarova et al., 1999) : (1) UV efficiency on viruses is significantly larger than chlorine efficiency, in particular when the effluent is unnitrified; (2) UV efficiency on protozoa of concern (Cryptosporidium parvum and Giardia lamblia) is significantly larger than chlorine efficiency; (3) the formation of harmful by-products by UV is negligible at conventional doses; (4) UV facilities are smaller than chlorine plants due to much lower contact times. From point of view of operation, the major constraints related to all UV equipments are the lamp cleaning due to fouling of the quartz sleeve and lamp replacement.
The lack of standardization in determining UV dosage makes accurate design of UV systems very difficult, as well as affects the results comparison from different studies. Collimated beam experiments are one of the proposed methodologies for sizing UV disinfection for a given wastewater effluent. Consequently, one of the major challenges is the definition of an appropriate biodosimeter for UV design. The analysis of human enteric viruses is time-consuming, expensive, and requires specialized laboratories. Thus, some regulations recommend the use of viral model organisms for the design or monitoring of wastewater disinfection processes, in the same way as coliforms bacteria are used as a model organism for bacterial enteric pathogens. In this context, MS2 bacteriophage is being increasingly used as indicator for UV systems performance and plant design.
MS2 are F-specific bacteriophages (or male-specific), i.e. they adsorb on the F pilus of their bacterial host (coliforms) as the first stage of infection. This bacteriophage is considered as one of the most attractive microorganisms to serve as an indicator of viral inactivation, because they resemble human enteroviruses (polioviruses 1 to 3, coxsakieviruses, echoviruses and enteroviruses 68 to 72), in both their structure and function. Based on the existing literature, the advantages in using bacteriophage MS2 as a viral indicator for UV disinfection can be summarized in the following points:
• MS2 is a single-strand RNA virus and consequently its dose-response curve for UV inactivation follows first-order kinetics; • MS2 has a relatively high UV resistance, comparable to that of bacterial species;
• the structure and size of MS2 are similar to that of the human enteroviruses; • MS2 is not pathogenic to humans and thus can be tested in high numbers without additional safety measures; • the organism is easily cultivable in titres up to 10 12 pfu/ml, and enumeration is relatively low-cost and rapid (24 hours), which allows flexibility when field testing is underway. • In the germicidal range, the absorption spectrum of MS2 is similar to most absorption spectrums that have been reported for other microorganisms. Thus, use of MS2 bacteriophage in challenge testing of medium-pressure lamps (polychromatic) should be representative of the inactivation of other microorganisms. The objective of this paper is to evaluate the relevance of laboratory-propagated MS2 bacteriophage as a test-microorganism for UV equipment qualification and design in wastewater reuse applications at laboratory and semi-industrial scale.
Materials and methods
Collimated-beam (batch tests) and pilot tests were carried out using MS2 phages, vaccinestrain polioviruses and indigenous enteroviruses isolated from secondary effluents. The UV-susceptibility of MS2 was repeatedly measured at bench-scale in two types of tertiary treated wastewater, coagulation/filtration (type Title 22) and MF/RO effluents (Table 1) .
Two scalable pilots (200 m 3 /h) were used to assess the feasibility of full-scale disinfection at the West Basin Water Reclamation Facility (California). A pilot with low-pressure, high output (LPHO) lamps (open channel reactor Aquaray 40™, Infilco Degremont) was set downstream of coagulation/filtration and then downstream of microfiltration/reverse osmosis (MF/RO) treatment trains. A pilot with medium-pressure (MP) lamps was set downstream of coagulation/filtration (closed chamber Aurora UV™ system, from Calgon Carbon Corp.).
Pilot flow rate was changed several times to get the pilot flow (dose)-response relationship. A fresh laboratory-propagated MS2 solution was injected in the main pilot feed line. In some tests, the effluent transmittance was artificially altered with coffee. Depending on the setup, flow-response tests were carried out on 7 to 20 different days. For each pilot, dose was expressed using mathematical models based on the Point Source Summation method and the mean detention time in the reactor ("average dose"). Effluent transmittance was corrected for the interference of particles as in EPA (1986) .
MS2 bacteriophages were purchased from the American Type Culture Collection (ATCC 15597 B1), and were grown on lawns of their host bacteria, Escherichia coli ATCC 15597 using the agar-overlay plaque technique of Adams (1959) . Before use, the solution was purified via filtration through a succession of 0.45 and 0.22 µm cellulosic membrane filters to reach for virus monodispersion. MS2 concentrations in the effluents were determined with the multiple tube fermentation method using E. coli 15597B1 as the host strain. UV inactivation rate was compared between the MS2 laboratory-propagated strain and a heterogeneous culture obtained from a plant influent isolate (E. coli 15597 phages). To grow the isolated indigenous, sewage-derived bacteriophages, the procedure was identical to the one for culturing pure strain of MS2 with the exception that wastewater was substituted for the 1 ml of ATCC MS2 stock virus. curve of 26 tests and (2) MF/RO effluent, average curve of 5 tests. All points below the report limit (less than 10 colonies per Petri dish) were discarded. The results demonstrated that wide differences in water quality might have a direct or indirect impact on MS2 inactivation kinetics measured in well controlled conditions. The slower kinetics in the filtered effluent can be explained by the tailing effect of particles. In the RO effluent, MS2 inactivation was consistently faster than in the filtered effluent (+15 to 20%) due to the superior water quality in terms of transmittance and particles count. The impact of effluent transmittance on the kinetics was confirmed by the tests with coffee. A high reduction of effluent transmittance in the RO effluent with coffee from 98% to 55% decreased the disinfection susceptibility of MS2, while no changes were observed in the filtered effluent where coffee addition did not affect water transmittance. Figure 2 compares the inactivation kinetics of MS2 with indigenous E. coli 15597 phages isolated from secondary effluents, which were found approximately twice less resistant: 4 log inactivation was achieved with respective doses of 98, 48 and 42 mJ/cm 2 for seeded MS2, indigenous coliphages in buffer and in filtered effluent. Similarly, UV inactivation of viral pathogens was 2.5-3 greater than that of pure-culture MS2, independently of pathogens origin (ATCC or sewage-derived) and of the analytical method used for their quantification. The results of pathogen inactivation were close to each other, 4 log inactivation with a dose of 30-35 mJ/cm 2 , although sewage derived enteroviruses seemed more resistant to UV when analyzed with the plaque assay. 
MS2 inactivation during pilot tests
The inactivation of MS2 by low and medium pressure UV systems in the filtered Title 22 effluent is given in Figure 4 and compared to the collimated beam inactivation kinetics. The efficiency of the UV radiation was confirmed at pilot scale: substantial 4 log inactivation of seeded MS2 could be reached with both pilots at a design calculated dose of 170 _ 10 mJ/cm 2 . It is important to underline that the collimated-beam curve represents the setup that is 100% hydraulic-efficient, i.e. the dose-response curve is governed only by intrinsic kinetics of MS2 in its effluent environment. On the other hand, the shape of the pilot curve is a complex function of the hydraulics, water quality and the intrinsic kinetics. The low-pressure unit was extremely effective on the high quality MF/RO effluent with an MS2 inactivation greater than 4-5 log at calculated doses of about 30-40 mJ/cm 2 ( Figure 5 ). The pilot results were difficult to evaluate, because most effluent MS2 plaque counts were under the detection limit, and this even with a very limited number of lamps on (4-8) and at high flow rates. Detention time had to be reduced to extreme values of 1 sec in order to detect any single viable MS2 per ml of effluent. The pilot dose-response curve with coffee addition lied very close to the filtered effluent (see also Figure 4 ). This suggests that the large difference in the position of the doseresponse curve between the filtered effluent setup and the MF/RO setup may be solely explained by the effluent transmittance and not by the effect of particles or by the change of setup.
It is important to stress that the efficiency of the pilot, calculated with public software, was higher than the efficiency of the collimator. Several hypotheses were made to explain this discrepancy: There may be deviations to the time-intensity reciprocity kinetic law (average intensity was 200 times higher in the pilot than in the collimated-beam test). On the other hand, the software used for dose calculation, originally developed for wastewater applications, may not be adapted to applications with RO effluents (softwares based on the Point Source Summation method are known to poorly describe the physics of light "in the vicinity of the lamps"). Another possible and very probable effect is underestimation of light reflection on the pilot stainless steel walls.
UV design and compliance with water reuse regulations
The reported results demonstrate that the choice of indicator organism has a great impact on the design of UV systems and other disinfection processes. In the case of requirements for virus removal, for example, chlorination is not an efficient technology, in particular in presence of ammonia nitrogen. Bench-scale tests confirmed this statement, showing only a 0.6 log removal of MS2 for an extremely high CT value of 450 mg.min/L. Figure 6 illustrates the UV doses needed for disinfection of tertiary filtered effluent to achieve the compliance with some water reuse regulations for landscape irrigation. The removal of fecal or total coliforms according to the WHO and California Title 22 regulations calls for UV doses significantly lower compared to the requirement for 4-log virus removal; 10 and 30 mJ/cm 2 , respectively (Savoye et al., 2001) .
MS2 phages appear to be a too conservative indicator organism compared to fecal or total coliforms and enteroviruses. For example, the 5 log removal of MS2 required by the new California Water Recycling Criteria (2000) could be achieved with very high UV doses considered as economically unacceptable for many countries. Even the UV dose of 140 mJ/cm 2 recommended for 4 log MS2 removal appears as too expensive for landscape V. Lazarova and Ph. Savoye 208 Figure 6 Comparison of the UV doses (mean values) needed to comply with various regulatory requirements depending on the indicator organisms irrigation. However, in the case if enteroviruses or polioviruses are chosen as target organism, 5 log removal could be achieved with cost competitive UV doses of about 60 mJ/cm 2 .
Conclusions
Laboratory-propagated MS2 was found to be an appropriate biodosimeter for tests and design of UV units, because these organisms are characterized by high resistance to UV, inactivation rates close to first order and ease of use. The variability in MS2 dose-response of _10% suggests that guidelines should be written for the design of the collimator setup (including light intensity) and the collimated-beam test procedure. Such standard procedures and the better control of the culture age should help provide a standard range for MS2 UV inactivation rate constants.
Accurate UV unit design for a given type of wastewater can be ensured by pilot tests using laboratory-propagated MS2 as biodosimeter and collimated-beam tests as the calibration check. The pilot tests performed during this study on filtered tertiary Title 22 effluent with two advanced UV technologies (low-pressure, high output and medium-pressure UV units) showed that they both could meet the Californian requirements for effluent reuse for unrestricted landscape irrigation.
It is important to stress, however, that MS2 bacteriophages appear to be a conservative indicator and the UV design for 5 log removal of this organism might be economically unacceptable. UV doses for MS2 removal are up to 2-3 times higher compared to polioviruses and indigenous enteroviruses and up to 5-10 higher compared to the removal of fecal or total coliforms.
